In the current paper, a methodology based on the combination of a one-dimensional spray model and experimental correlations has been proposed to predict the physical time associated with ignition delay in diesel diffusion flames. This physical time depends significantly on the nozzle geometry, and its influence is not captured in traditional Arrhenius-like correlation. To assess this influence, three multi-hole nozzles with different degrees of conicity (expressed in terms of k-factor) have been tested on an optically accessible 2-stroke single-cylinder engine. First, the hydraulic behavior of the nozzles is assessed from the point of view of injection rate and spray momentum.
INTRODUCTION
The need for continuous emissions reduction has driven the optimization of internal combustion engines over the last decades [1] . In particular, in the case of diesel engines, special attention has been made to the design characteristics of the fuel injection system, due to its particular importance for spray formation and fuel-air mixing characteristics [2] - [6] . In this sense, Ning et al. [7] evaluated the effect of the nozzle orifices geometry on the hydraulic behavior of the injector, as well as the spray penetration. Yao et al. [8] studied the importance of the outlet diameter and length of the nozzle orifices on spray atomization, showing that the Sauter Mean Diameter (SMD) tends to decrease when lowering the diameter. Brusiani et al. [9] studied the effect of the nozzle orifices conity in the formation of cavitation inside the nozzle. Payri et al. [10] assessed that this cavitation formation can enhance spray atomization and fuel-air mixing performance close to the nozzle exit. Conicity and hydrogrinding have also shown to severely impact the flame lift-off length [11] and the overall spray and combustion processes [12] [13] .
In order to evaluate such aspects, different numerical methodologies have been developed to study the fuel injection processes along the last decades. One-dimensional multi-physical models have shown a good capability to predict the dynamic behavior of the injector and predict the instantaneous mass flow rate [14] - [16] . In the same way, one-dimensional spray models based on the gas jet analogy allow to obtain reasonable results in terms of spray penetration [17] , [18] and global equivalence ratio distribution [19] , once the hydraulic characteristics of the nozzle are known. Nevertheless, these simplified models cannot be used to study the fluid-dynamic details of the fuel injection system processes. For this reason, full three-dimensional CFD models have also been used to study the internal nozzle flow characteristics [20] - [22] , the primary atomization processes [23] , [24] and the overall spray features [4] , [25] .
One of the most important parameters to characterize diesel spray combustion is the ignition delay [26] [27] [28] . In diesel flames, the ignition delay is a result of the interaction between the physical processes (atomization, mixing and evaporation of the fuel spray) and chemical processes (pre-reaction kinetic rates). Several authors have seen over the years that the ignition delay can be predicted through an Arrhenius correlation based on the thermodynamic conditions (pressure, temperature and overall equivalence ratio) in the combustion chamber [29] , [30] . Nevertheless, such correlations do not take into account the physical processes previously mentioned, which can be very relevant in the case of diesel applications. This is the reason why Pischinger et al.
[31] introduced also the injection pressure as a way to account of its effect on fuel-air mixing. Kim et al. [5] showed that the physical properties of the fuel (mostly specific heat, density and viscosity) also impact the ignition delay. Finally, Payri et al. [32] developed a correlation of the ignition delay based on Arrhenius terms, but corrected to account for the nozzle outlet effective diameter and conicity.
In the current paper, a methodology based on the use of a spray model has been proposed as a means to estimate the physical time related to the diesel spray mixing and vaporization. In particular, a one-dimensional spray model, previously developed by the authors, has been used to estimate this physical time since it can capture the overall spray characteristics at a much lower computational cost compared to a full 3D-CFD simulation. This time will be later introduced into an Arrhenius correlation for the ignition delay, in order to decouple the physical and chemical processes into the diesel autoignition phenomena. For this purpose, three multi-hole nozzles with different level of conicity (k-factor), which have different spray characteristics, have been used. The main parameters needed to estimate the physical delay are the spray momentum, the effective outlet velocity, the spray angle and the stabilized liquid length. These parameters will be experimentally obtained by means of the nozzles hydraulic characterization (mass flow rate and momentum flux) and spray visualization techniques for the vapor (Schlieren) and liquid (Mie-scattering) phases. The global ignition delay will be obtained from OH-chemiluminescence data.
The paper is divided in 7 sections. First, the different experimental arrangements used along the study are described in section 2. Then, the main equations existing on the one-dimensional spray model used for the study are defined in section 3. Section 4 details the results obtained from the hydraulic and spray combustion characterization.
Section 5 is devoted to the estimation of the physical delay by combining the previous experimental data with the 1D modelling approach, while section 6 evaluates two different ignition delay correlations. Finally, the main conclusions of the study are drawn in section 7.
EXPERIMENTAL TOOLS
The complete experimental campaign has been carried out using a standard common-rail system and a European diesel fuel, which meets EN590 standard requirements. The main properties of the fuel are summarized in Table 1 . It has to be highlighted that the fuel selected affects the particular values of liquid length and ignition delay, limiting the applicability of the correlations proposed in sections 5 and 6 to this particular fuel. Nevertheless, the methodology proposed could be applied to different fuels in future works.
Nozzles
Three multi-hole nozzles are used along the study. and 175 µm, respectively)
Hydraulic characterization
In order to provide the right boundary conditions to the spray model, the hydraulic performance of the nozzles has been assessed. First, a Rate Of Injection (ROI) meter based on the Bosch methodology [33] has allowed to obtain the instantaneous flow through the nozzle orifices. Using this facility, the fuel is injected in a pressurized tube filled with fuel. The injected fuel induces an increase of the pressure inside this tube, which is captured by a piezoelectric pressure transducer. This pressure signal is then post-processed to obtain the instantaneous mass flow rate, using the procedure described in [34] .
Additionally, the momentum flux at the nozzle outlet is also measured with a custom-made test rig. In this case, the fuel is injected into a chamber filled with a pressurized inert gas (for example N2), simulating engine-like densities. The momentum of the spray is assessed by measuring its impact force on a target placed perpendicular to a single nozzle orifice at a distance of approximately 5 mm from the exit. More details of the test rig and the methodology can be found in [35] .
The test matrix used for both the injection rate and the momentum flux measurements are detailed in Table 2 .A. As it can be seen, only relatively long injections have been characterized, since the objective is to obtain the flow coefficients at maximum needle lifts, where the flow is nearly steady state. At these conditions, the injection rate and momentum flux are no longer a function of the needle position, but depend only on the nozzle geometry and the fuel injector boundary conditions. For this reason, all hydraulic results presented in the current paper will correspond to a time average of the injection rate and the momentum flux profiles on the quasi-steady state phase. Combining these values of mass flow and momentum flux, it is possible to define effective outlet velocity and diameter of the nozzle:
being ̇ and ̇ the stationary mass flow and momentum flux at the nozzle outlet, ρf the fuel density, Ueff the effective outlet velocity and Deff the effective outlet diameter
Optical diagnostics
A single-cylinder two stroke engine is used for visualization studies (Figure 1 ). In the particular configuration used for the study, an extended combustion chamber is located in place of the cylinder head. This combustion chamber is designed to hold the injector in one of the walls, plus up to three optical accesses in the rest of the sides. The top section of the engine is used to evacuate the exhaust gases. Additionally, an intermediate piece is designed to uniformly distribute the gases from the compression into this extended combustion chamber, so that a nearly quiescent environment is generated. More details of the optical engine can be seen in [36] . Table 2 .B shows the test matrix conditions used for all the spray combustion visualization studies in terms of injection parameters and thermodynamic conditions at the engine Top Dead Center (TDC). Long injections have been used in all cases to ensure that steady-state conditions are reached during the injection event. In all cases, the engine runs at 500 rpm and the injection event is produced slightly before TDC, so that the range of variation of the cylinder pressure during the measurements is minimized.
Mie-scattering
Liquid spray visualization has been characterized by means of Mie-scattering technique. In this case, a high-power continuous light source has been directed into the combustion chamber of the optical engine, and PCO-PixelFly digital camera has recorded the light scattered by the fuel droplets inside the spray. For these measurements, a non-reacting environment has been setup in the engine by using nitrogen instead of air as a working fluid. An example of the images obtained is available in Figure 2 .a. More details about the experimental arrangement can be seen in [37] .
Schlieren
A double-pass Schlieren technique has been used to characterize the vapor spray characteristics. In this case, the light emitted is passed first through a lens, creating a point focal light source. Then the light passes through a beam splitter and a collimating lens, creating a parallel light stream that enters the engine through the optical access. A metal mirror, attached to the injector holder, reflects the light beams arriving to it, which are then directed by the beam splitter to the CCD camera sensor, placed at 90º.
Before arriving to the sensor, the light passes again through a lens, creating a focal point, where the light is spatially filtered by a knife edge that blocks a portion of the light beams. Under this configuration, the intensity acquired by the camera is related to the density inside the chamber. A sample image is provided in Figure 2 .b. More details of this technique can be found in [30] .
OH-chemiluminescence
OH-chemiluminescence technique is based on the light emission characteristics of the OH-radicals formed inside the diesel flames. In particular, it is known that the light emitted by this species is maximum in a characteristic wavelength (λ) of approximately 310 nm, dominating the total light emitted in this frequency. Thus, by visualizing the diffusion flame with an optical filter designed for a narrow band around this wavelength, it is possible to distinguish OH-radicals from other components of the flame. Nevertheless, the total amount of light emitted is relatively small, so an intensified ICCD camera has to be used. More details of the experimental technique are available in [32] .
In the case of the current experiments, a LaVision-Dinamight with a resolution of 512 x 512 pixels was employed. An intensification level of 95% and an exposure time of 20 µs were selected with the aim of maximizing the signal-to-noise ratio while avoiding saturation of the camera sensor. The time step is set at 30 µs for an injection pressure of 30 MPa, and 20 µs for higher pressure levels, due to the higher injection velocity. Three repetitions are acquired for every time step. The kind of images obtained can be seen in Figure 2 .c.
1D SPRAY MODEL
The one-dimensional spray model used along the current study is based on two main assumptions:
-The analogy between a diesel spray and a turbulent gas jet, with the difference that the spray angle is not constant but depends on the particular nozzle geometry and injection conditions [38] - [41] . concentration inside the spray, which means that the velocity in any point of the spray can be defined using the following expressions:
Where (x,r) are the axial and radial positions inside the spray, U(x,r) is the local axial velocity, C(x,r) is the local fuel concentration, Ru is the spray radius at the axial distance x and Sc is the Schmidt number, which relates the viscous diffusion and mass diffusion rates.
Both hypotheses have been widely used and evaluated for high-pressure diesel sprays,
showing good accuracy especially in the fully-developed region of the spray [42] - [46] .
Starting from these hypotheses, and considering that steady state conditions are reached inside the nozzle, the momentum conservation equation between the nozzle outlet and a given section of the spray leads to:
Where ̇ is the momentum flux at the nozzle outlet; ̇( ) is the momentum flux at a section of the spray located at an axial distance x; and ρ(x,r) is the local spray density.
The local spray density can be correlated to the local fuel concentration/mass fraction C(x,r) by the use of the following expression:
Being ρf the liquid fuel density and ρa the ambient air density.
In order to develop equation 6, it is necessary to assume a certain radial distribution for the local spray velocity and concentration. For this purpose, numerous studies in the literature have made use of the analogy between liquid sprays and gas jets, which can be considered as a reasonable estimation out of the dense spray region [38] , [43] . Based on this analogy, Gaussian profiles have been typically proposed [44] , [47] , [48] . For the current paper, the following expressions have been considered:
Where Uaxis(x) and Caxis(x) are the velocity and fuel concentration at the spray axis and α is a shape parameter for the Gaussian profile. Based on previous studies by the authors, values of α=4.605 ( [46] ) and Sc=0.5 ([19] , [48] ) have been used for the current study.
Including equations (7-9) into (6) and resolving the differential equation, the following expression can be deduced:
Where θu is the spray velocity angle, which can be related to the spray mass angle θm using the Schmidt number:
From this equation, it is possible to determine the fuel concentration in the spray axis at any given axial position once the spray momentum, the spray outlet velocity and the spray mass angle are known. For the purpose of the current paper, the spray momentum and the effective outlet velocity are determined from the hydraulic characterization of the injector (as described in Section 2), while the spray mass angle is assumed to be equal to the vapor spray angle obtained from the Schlieren images.
In order to numerically solve equation (12), it is necessary first to define a certain number of terms for the series on the right hand side of the equation. Figure 3 shows a sensitivity study on the influence of this parameter. As it can be seen, applying low number of terms in the series results in an overestimation of the so called intact core length of the spray, which is defined as the maximum axial position on which the fuel concentration in the axis is equal to 1. When the number of terms increase, the solutions tend to approach each other. Based on these results, a value of 7 terms has been chosen for the rest of the study as the best tradeoff between model accuracy and velocity of calculation. Figure 4 shows the hydraulic behavior of the three nozzles of study in terms of the mass flow (left) and momentum flux (right) at the outlet of each nozzle orifice at maximum needle lift conditions. At low injection pressure, nozzle N3 shows the highest values of mass flow due to its higher geometrical diameter. As injection pressure increases, cavitation takes place in N3 due to its cylindrical shape, and consequently mass flow collapse induced by cavitation appears. This makes that, for high injection pressures, the three nozzles deliver similar flow. In terms of momentum flux, the results seem to be aligned with the degree of convergence of the nozzles. This is consistent with the fact that for more convergent nozzles the flow suffers less detachment at the orifice inlet, which results in lower inlet pressure losses and higher outlet velocity.
EXPERIMENTAL RESULTS

Hydraulic characterization
These conclusions can be more clearly seen when looking at the effective outlet velocity and diameter ( Figure 5 ). As previously stated, the effective outlet velocity is mostly scaled with the degree of convergence of the nozzle, and justifies the differences seen in µm. This may be due to the combination of the effect of the recirculation zone at the nozzle orifice inlet and the relatively low turbulence level achieved at such low injection pressures, which both result in a non-square outlet velocity profile. As injection pressure gets higher, the effective diameter for the convergent nozzles is mostly constant, while the cylindrical nozzle (N3) shows a significant decrease induced by the appearance of cavitation.
Vapor spray angle
Schlieren visualization results can be used to determine the spray angle, which will be used as a way to estimate the spray mass angle used for the one-dimensional model (θm). Figure 6 shows the results achieved for all the nozzles as a function of the pressure drop along the injector. In all cases, the vapor spray angle ranges 13-18 degrees, which are typical values for diesel sprays at the density levels tested in the current work [38] , [49] .
Regarding the comparison between the different nozzles, different conclusions can be drawn depending on the injection pressure level. At 30 MPa, the conical nozzles show larger spray angles than the cylindrical, with N2 having the highest values for most conditions. This can be explained based on a previous work by Payri et al [50] , where the spray angle was correlated to the hydraulic performance of the nozzles according to the following expression: Figure 7 summarizes the results achieved in terms of stabilized liquid length. As it was expected, the liquid length shortens significantly when increasing the ambient temperature, as evaporation gets enhanced. Regarding the comparison between the nozzles, even if the results are not fully conclusive, it can be observed that the liquid length tends to be larger for nozzle N3, especially for mid-to-low injection pressures, where it has the highest effective diameter. This is consistent with previous findings in the literature, which showed that the liquid length can be expressed as [52] , [53] : 
Liquid length
Where Cmv is the fuel concentration at the spray axis needed for reaching the complete evaporation of the fuel (i.e., the fuel concentration in the spray axis at the liquid length axial position). It has to be noted that the value of Cmv depends on combustion chamber temperature and the physical properties of the fuel, mostly the distillation characteristics. Furthermore, different fuels could lead to variations in the effective diameter (linked to the development of the flow turbulence) and on the spray angle, also affecting the liquid length.
As it can be seen in equation (14), liquid length tends to increase when increasing the effective diameter, as previously discussed. Nevertheless, the results in Figure 7 do not show a clear trend for nozzles N1 and N2, which are also affected by the effect of the nozzle geometry on the fuel-air mixing efficiency, characterized by the spray angle θu.
If the liquid length is normalized by the effects of the effective diameter and the spray angle according to equation (14) , it can be observed how all the values collapse and no clear trend with the nozzle geometry can be identified. Additionally, the normalized values are slightly higher for the low temperature results, due to the effect of the temperature on Cmv.
Ignition delay
Ignition delay has been obtained from the OH-chemiluminescence measurements, which are an indicator for the beginning of the high-temperature reactions into the combustion process. In particular, ignition delay has been defined as the time between the Start of Injection (SOI) and the time at which 5% percentile of the cumulative OHchemiluminescence intensity was reached. Figure 9 shows the results of ignition delay as a function of the pressure drop. The most clear trends that can be identified are the reduction of the ignition delay as the pressure and density in the chamber increase. This is consistent with previous experiences in the literature, which report that ignition delay can be expressed in the form of an Arrhenius correlation [26] , [29] :
Where is the ignition delay, EA is the activation energy and T is the temperature in the combustion chamber. In this expression, the influence of the pressure and temperature consider mostly the enhancement of the reaction rates into the chemical kinetics mechanism.
Additionally, in the experimental data it can also be observed that there is a trend to reduce the ignition delay when increasing the injection pressure, which tends to improve spray atomization and reduce the physical time needed for mixing and vaporizing.
Similar results have also been observed for other diesel sprays studies in the literature [31] , [54] .
Regarding the influence of the nozzle geometry, it can be clearly seen that in the low temperature case, where chemical processes are slower in general, there are some differences among the nozzles, with N1 showing in general the largest ignition delays
and similar values for the other two. In the high temperature case, similar trends are observed, but with smaller differences in absolute value. These trends are a consequence of the differences into the physical time needed for the fuel to atomize, mix with the air and evaporate. This time will be analyzed in more details in the next section.
LIQUID LENGTH CORRELATION AND PHYSICAL DELAY DETERMINATION
Equation (14) 
More details about the mathematical development and assumptions to reach to this expression can be found in [52] .
In order to calculate the values of tmv, it is necessary first to know the values of ks and
Cmv. For this purpose, the 1D spray model presented in section 3 will be used. In particular, Cmv can be estimated from the numerical solution of equation (12) particularized for x=LL. To approach this solution, the spray momentum ̇w ill be the experimental value obtained from the momentum flux measurements and θm will be estimated from the vapor spray angle results. The results from these calculations can be seen in Figure 10 . 
Where ΔP is the pressure drop defined as Pinj -Pback. For the particular case of the current studies, coefficients of -1.64 and -0.52 have been obtained for the values of a and b, resulting in an overall R-squared value of 79.5%.
Then, a correlation directly based on equation (14) has been obtained. The results a summarized in Figure 11 . In this correlation, it has been chosen to let as the only fitting parameter the value of ks. Doing so, an average value of 1.254 has been obtained. This value for the spray constant is very similar to the value of 1.26 obtained on previous studies based on spray penetration analysis [43] . The R-squared for this second correlation is significantly increased compared to the previous correlation, up to a value of 90.9%, which is an indication of the consistency of the values of ks and Cmv achieved using this methodology. Despite this improvement, it has to be considered that the value achieved is still relatively low, probably due in part to uncertainties into the fuel temperature during the injection, which are known to have an impact on the evaporation characteristics [53] .
Once the values of the spray constant ks and the mixing and vaporization concentration
Cmv have been estimated, it is possible to use it to calculate the characteristic time for mixing and vaporizing, according to equation (16) . The results from this procedure are depicted in Figure 12 . Two main conclusions can be drawn from this graph. First, it can be seen how the trends observed in terms of tmv are similar to those achieved for the overall ignition delay (i.e., a nozzle characterized by higher tmv is also showing longer ignition delay, and viceversa). In particular, it can be seen how N3, despite having largest effective diameter and lower effective velocity than the convergent nozzles (which would result in longer physical time values according to equation 16), is capable to achieve similar or even lower tmv values thanks to the beneficial effect of cavitation into the spray angle. Nevertheless, it shall be noted that the differences observed in tmv are generally lower compared to those observed in the ignition delay. This suggests that the influence of the physical processes on the ignition delay is not only linked to the physical delay induced by the mixing and vaporizing processes, but also to the distribution of local equivalence ratio inside the spray, which can also affect autoignition processes.
The second conclusion is related to the fact that even in the case of a diesel spray, which is characterized by a relatively high reactivity, the time needed for the physical processes is relatively small compared to the total ignition delay. This is particularly true when combining low values of chamber pressure and temperature, which slows chemical kinetics down, with high injection pressures, which tends to enhance the physical processes thanks to the higher spray momentum. Under such conditions, the time to mix and vaporize represents only around a 5% on the total ignition delay. In the opposite case (high thermodynamic conditions and low injection pressure), the physical delay can represent up to 30% of τ. Figure 13 and Table 3 indication that there is an influence of the fuel injection processes that is not fully captured by the physical delay calculation previously described. Figure 14 shows the comparison of the two correlations in terms of an accuracy coefficient in terms of the ignition delay, defined as: Looking at the results from Figure 14 , it can be stated that the new correlation improves the accuracy of the ignition delay prediction for most of the experimental conditions.
IGNITION DELAY CORRELATION
The maximum improvement achieved is of approximately 4%, while the maximum deterioration does not exceed 2% and appears in few operating conditions. Thus, it can be concluded that the correlation including the time for mixing and vaporizing is confirmed as a better representation of the ignition delay experimental results, since it can take into account the differences induced by the different nozzle geometries.
Nevertheless, it has to be noted that the impact of the new proposed methodology is limited in this case due to the fact that the three nozzles used for the study have similar hydraulic characteristics, as seen in figures 4 and 5. Future work will consider the extension of this methodology to nozzles with higher geometrical and hydraulic differences, for which the impact of the physical delay could be more significant.
Additionally, the usage of fuels with different physical and chemical properties will also be considered.
CONCLUSIONS
In the current paper, a study about the influence of the nozzle geometry on the injector hydraulics, evaporative spray formation and ignition characteristics of diesel sprays has been performed. For this purpose, three multi-hole nozzles characterized by different degrees of conicity (k-factor of 2, 1.6 and 0) have been analyzed.
First of all, measurements of injection rate and momentum flux have been performed, allowing to characterize the nozzles in terms of the effective outlet velocity and diameter. From these measurements, it was observed that the effective velocity is tightly linked to the nozzle conicity, due to the lower inlet pressure drop, while the effective diameter is mostly affected by cavitation formation inside the nozzle for the cylindrical nozzles.
Schlieren and Mie-scattering visualization tests were performed to characterize the vapor spray angle and the stabilized liquid length for diesel sprays injected into an optically accessible 2-stroke diesel engine. The vapor spray angle was observed to be similar for the conical nozzles, while the cylindrical showed slightly higher values for mid-to-high injection pressure levels, thanks to the effect of cavitation. Regarding liquid length, the results were observed to be mostly dependent on the nozzle effective diameter and the vapor spray angle.
The combination of the previous results with a 1-dimensional spray model based on the gas-jet analogy has allowed to determine a characteristic fuel concentration at the liquid length position. It has been observed that this concentration depends on the chamber temperature, while the effect of the nozzle geometry and other boundary conditions is limited. The definition of this characteristic concentration was used to determine a new correlation for the stabilized liquid length, which proved to be capable to improve the accuracy of the predictions given by other correlations in the literature. Additionally, it was possible to estimate the time needed for a fuel parcel to reach this characteristic concentration in the spray axis (defined as tmv), and this time was used as an indicator of the physical delay associated with mixing and evaporation phenomena into the diesel spray combustion processes. It could be seen that this time was generally shorter for the cylindrical nozzle thanks to the benefits of cavitation on atomization and fuel-air mixing processes, even despite the higher effective diameter and lower outlet velocity characteristic of this nozzle compared to the cylindrical ones.
Finally, ignition delay was obtained from OH-chemiluminescence measurements. The results showed that there is a non-negligible influence of the nozzle geometry in the ignition delay, especially at low ambient temperature conditions, which is consistent to the physical delay results previously attained. Two experimental Arrhenius correlations for the ignition delay have been evaluated: one including only the influence of the chamber thermodynamic conditions and the injection pressure, as typically seen in the literature, and another which includes also the physical delay previously calculated. The results show that the new correlation improves the ignition delay accuracy for most conditions, as it is more capable to capture the differences among the nozzles. 
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